Electronic circular dichroism ͑ECD͒ parameters of the disulphide chromophore have been calculated for dihydrogen disulphide, dimethyl disulphide, and cystine using density-functional theory, coupled-cluster theory, and multiconfigurational self-consistent field theory. The objective is twofold: first, to examine the performance of the Coulomb-attenuated CAM-B3LYP functional for the calculation of ECD spectra; second, to investigate the dependence of the ECD parameters on the conformation around the disulphide bridge. The CAM-B3LYP functional improves considerably on the B3LYP functional, giving results comparable to CCSD theory and to MCSCF theory in an extended active space. The conformational dependence of the ECD parameters does not change much upon substitution, which is promising for the application of ECD in structural investigations of proteins containing disulphide bridges.
I. INTRODUCTION
Disulphide bonds are among the most important determinants of secondary and tertiary structures of proteins, due to the presence of cystine disulphide bridges. The conformation around the disulphide bridge often plays a significant role in the biological function of peptides and its knowledge may greatly improve our understanding of processes in which the system is engaged. This issue is thus widely investigated, and new methods for investigation of the conformation around the disulphide bond are in constant demand. Chiroptical spectroscopic methods are particularly promising for diagnosis of the geometric structure of the disulphide bridge, 1 since the disulphide bridge is an inherently chiral moiety.
Among chiroptical techniques, electronic circular dichroism ͑ECD͒ is one of the oldest tools for structural investigations, [2] [3] [4] retaining its usefulness in biochemistry [1] [2] [3] for the following reasons. First, much smaller peptide concentrations are needed for ECD than, for example, for nuclear magnetic resonance; second, crystallization is not necessary ͑unlike for crystallographic methods͒; third and perhaps most important, ECD is a "fast" method, which can serve as a tool for observation of structural changes such as protein folding. 4 Typically, ECD spectra are used to provide information on the general amount of beta sheets and alpha helix in polypeptide chain. Such data can be derived from the far-ultraviolet region of the ECD spectrum ͑from 190 to 225 nm͒, where the bands associated with peptidebond transitions are located. The region from 250 to 350 nm serves to identify aromatic amino-acid side chains or other specific chromophores, among them disulphide bonds, which show a broad band at 250-300 nm. 1 The application of ECD to conformational studies is based on correlations between the main ECD parameter-the rotatory strength-and molecular structure. However, the relation of rotatory strength to molecular conformation is complex and simple empirical correlations are often insufficient. 5 In this situation, a computationally inexpensive and reliable method of the a priori prediction of ECD spectra would be of great value. Density-functional theory ͑DFT͒ has a low computational cost and has been applied to the calculation of ECD spectra by several groups, [6] [7] [8] [9] [10] although the performance of exchange-correlation functionals needs improvement in this respect. The circular dichroism of compounds with a disulphide bridge ͑mainly HSSH͒ has been the subject of theoretical investigations since 1960s, and some empirical rules connecting the sign of the ECD bands associated with the S-S bond with its screw character have been derived. 1 However, the validity of such semiempirical models is limited and the investigation of compounds with disulphide bridge by means of modern quantum-chemistry methods appears to be necessary.
The object of our study is twofold. First, we investigate the performance of the Coulomb-attenuated hybrid functional CAM-B3LYP ͑Refs. 11 and 12͒ for the calculation of a͒ Author to whom correspondence should be addressed. Electronic mail: mpecul@chem.uw.edu.pl ECD parameters of the disulphide chromophore, comparing the results with multiconfigurational self-consistent field ͑MCSCF͒ and coupled-cluster results for HSSH, the smallest molecule containing the disulphide bridge, and with coupledcluster results for the larger system CH 3 SSCH 3 . Second, having selected an appropriate level of theory, we study the dependence of the ECD intensity on the conformation around the disulphide bond for the molecules HSSH, CH 3 SSCH 3 , and cystine. The discussion of the results is preceded by a short description of the theoretical background and followed by a summary of the main conclusions.
II. THEORY AND COMPUTATIONAL DETAILS

A. Theory of ECD calculations
ECD spectroscopy is based on the phenomenon of differential absorption of left and right circularly polarized light by a chiral sample. For a sample of randomly oriented molecules, the difference between the absorption coefficients of left and right circularly polarized light for a transition from the ground electronic state to the nth excited electronic state is proportional to the scalar rotatory strength n R, which can be obtained as a scalar product of the electric dipole and magnetic dipole transition moments.
In linear response theory, the scalar rotatory strength is calculated as a residue of the linear response function. 13, 14 For a transition from the ground state ͉0͘ to an excited state ͉n͘, it is in the velocity and length gauges given by, respectively,
In these expressions, r, p, and L are the electronic position, momentum, and orbital angular-momentum operators, respectively; ប n is the excitation energy of the nth electronic transition, and ͗͗;͘͘ denotes the linear response function. 13 In the length gauge, the results obtained in a finite orbital basis depend on the choice of the gauge origin. For variational methods such as MCSCF and DFT, this problem can be overcome by using London atomic orbitals ͑LAOs͒. 15 Because of their explicit dependence on the external magnetic induction, the results obtained with LAOs are independent of the gauge origin. 8, 14 
B. Computational details
As the first step in the investigation of the conformational dependence of ECD parameters, the molecules studied were subjected to constrained geometry optimization with the XSSX dihedral angle ͑X = H for HSSH; X = C for CH 3 SSCH 3 and cystine͒ fixed at 30°intervals from 0°to 180°for HSSH and CH 3 SSCH 3 and from −180°to 180°for L-cystine. Additional calculations were carried out at −75°a nd −105°, commonly found in S-S compounds. These optimizations were performed using DFT with the hybrid Becke three-parameter Lee-Yang-Parr ͑B3LYP͒ functional 16, 17 in the cc-pVTZ basis 18, 19 for HSSH and CH 3 SSCH 3 and in the cc-pVDZ basis 18, 19 for cystine. C 2 symmetry was assumed in all optimizations except for CSSC = −30°in cystine, where the symmetry was relaxed since no stable C 2 structure could be found. The geometry optimizations were carried out with GAUSSIAN 98 program package. 20 The ECD parameters were calculated using several ab initio quantum-chemical methods, including the completeactive-space ͑CAS͒ and restricted-active-space ͑RAS͒ MCSCF models, the coupled-cluster singles-and-doubles ͑CCSD͒ model, and DFT with different functionals: BP86, 16 25 in which the CAM-B3LYP functional is implemented. Some comments are in order about the CAM-B3LYP functional. A well-known deficiency of the B3LYP functional is the incorrect long-range behavior of the exchange potential, which decays as −0.2r −1 rather than −r −1 , causing a significant underestimation of Rydberg excitation energies and related errors in optical properties-especially for diffuse anionic states 26 and for excited states. 27 To overcome this problem, Tawada et al. 28 proposed different treatments of the short-range and long-range interactions of exchange functionals. Developing this idea further, Handy and co-workers 11, 12 constructed the three-parameter Coulombattenuated B3LYP ͑CAM-B3LYP͒ functional. The CAM-B3LYP functional has the same correlation treatment as the B3LYP functional but a different exchange treatment, the proportions of functional and exact exchange depending on the interelectronic distance r 12 . Specifically, the exact exchange is calculated from ͓␣ + ␤ erf͑r 12 ͔͒r 12 −1 rather than from r 12 −1 , with the functional exchange modified accordingly. The short-and long-range proportions of exact exchange are thus ␣ and ␣ + ␤, while determines the intermediate region.
In this manner, the CAM-B3LYP functional retains the energetic qualities of the B3LYP functionals while improving the asymptotic behavior. In the original CAM-B3LYP formulation, ␣ and ␤ are equal to 0.19 and 0.33, respectively. Apart from the original CAM-B3LYP functional, we have also used a modified version, CAM-B3LYP m , with ␣ and ␤ equal to 0.30 and 0.50, respectively, constructed on the basis of the results for HSSH ͑see below͒.
III. RESULTS AND DISCUSSION
A. Electron-correlation and basis-set effects
Being the simplest compound containing the disulphide chromophore, HSSH is here used for assessment of DFT by comparison with CCSD and MCSCF results. We are particularly concerned with the low-lying 2A and 1B excitations of the disulphide chromophore, which are excitations from the highest occupied, sulfur lone-pair orbital of each symmetry into the lowest unoccupied, S-S * antibonding orbital. Some results for the comparison of DFT and wave-function methods have also been obtained for CH 3 SSCH 3 , again with emphasis on the 2A and 1B chromophore transitions.
MCSCF calculations
The ECD parameters of HSSH calculated using different CAS wave functions at a dihedral angle of 90°are listed in Table I . There are large differences between the excitation energies and between the rotatory strengths calculated with different active spaces, some transitions switching places as the active space increases. Unable to converge the CAS results, we have tried the more flexible RAS model. Tables II and III contain the excitation energies and rotatory strengths, respectively, of the lowest singlet excitations of HSSH at a dihedral angle of −90°, calculated with different RAS wave functions. The RAS-0 expansion ͑which contains one more active orbital than our largest CAS expansion͒ is our primary active space, from which the others are generated. In the RAS-I wave function, four rather than two electrons are allowed into RAS3; in the RAS-II wave function, four orbitals inactive in RAS-0 have been moved into RAS2; in the remaining RAS-III to RAS-VI wave functions, RAS3 is systematically extended.
On the whole, the RAS method appears better suited for the task than the CAS method, the largest RAS wave functions having almost converged. Although the inclusion of more than two electrons in RAS3 has some effect on the excitation energies, it does not significantly affect the rotatory strengths. Rather, the ECD parameters are primarily influenced by the number of virtual orbitals in RAS3, although Symbols in parentheses denote the number of orbitals in each symmetry placed, respectively, in the inactive space, in the RAS1 space ͑from which electrons are excited, empty for CAS wave function͒, in the RAS2 space ͑in which all occupation numbers are allowed͒, and in the RAS3 space ͑to which electrons are excited, empty for CAS wave function͒. the extension of RAS2 from RAS-0 to RAS-II does affect the rotatory strength of the high-energy transitions. However, since we are concerned mostly with the low-energy transitions in the disulphide chromophore ͑2A and 1B͒, that treatment of dynamical correlation, determined mostly by the size of RAS3, is more important than the other aspects of the RAS model. Accordingly, RAS-VI results ͑obtained with the largest RAS3 space͒ are used for our comparisons with DFT.
Performance of DFT in comparison with MCSCF and CC
The excitation energies of HSSH calculated by means of the different methods are listed in Table IV , while the corresponding rotatory strengths are shown in Table V . All CAM-B3LYP excitation energies ͑obtained with the original and modified CAM-B3LYP functionals͒ are close to the RAS-VI results. For the rotatory strengths, the improvement upon B3LYP is also substantial when using CAM-B3LYP, although there are some discrepancies for higher excitation of B symmetry. This can to some extent be rectified by using another modification of CAM-B3LYP, where ␣ and have been changed from 0.19 and 0.33, respectively, to 0.30 and 0.50, so as to bring the calculated excitation energies of H 2 S 2 ͑for several geometries͒ closer to the RAS-VI results. The rotatory strengths of the low-lying transitions ͑including 2A and 1B͒ are hardly affected by this modification, while the excitation energies are somewhat improved. ͑The excitation energies obtained with the original CAM-B3LYP functional underestimate the RAS-VI energies slightly.͒ Changes in the ␤ parameter leave the results practically unaffected.
The BP86 and BLYP functionals perform much poorer than the CAM-B3LYP functional, their rotatory strengths disagreeing with the RAS-VI results. The B3LYP functional performs somewhat better but is still inferior to the CAM-B3LYP functional. Calculations at other dihedral angles ͑not included here͒ confirm our conclusions-namely, that the use of the CAM-B3LYP functional rather than the B3LYP functional greatly improves the agreement with the RAS-VI results.
In general, the RAS-VI results ͑which we use for benchmarking͒ are close to the CCSD results. Two exceptions are the 4A and 3B transitions, which have slightly different ͑mixed͒ orbital characters in CCSD and RAS-VI theories, as reflected in the different rotatory strengths. The ͑modified͒ CAM-B3LYP results are close to the RAS-VI ones.
To confirm the good performance of CAM-B3LYP, we have carried out CCSD and DFT calculations for CH 3 SSCH 3 , see Table VI . ͑For this molecule, a RAS space large enough for the results to be of benchmark quality makes the calculations too expensive.͒ The original CAM-B3LYP functional performs remarkably well for excitation energies and reasonably well for rotatory strengths. The 
Basis-set effects
In Table VII , we have listed the excitation energies and rotatory strengths of HSSH in the daug-cc-pVTZ, taug-ccpVTZ, and daug-cc-pVQZ basis sets. The basis-set behavior of the excitation energies and the rotatory strengths is similar. For the low-lying transitions ͑e.g., the 2A and 1B valence transitions of interest to us͒, the extension from d-aug-ccpVTZ to d-aug-cc-pVQZ ͑i.e., the inclusion of more valence orbitals͒ is more important; for the high-energy transitions ͑especially the 6A and 5B Rydberg transitions͒, the addition of the diffuse functions is more important. We note that the basis-set effects in Table VII are far smaller than the differences between the results obtained with the various computational methods.
For dimethyl disulphide, smaller basis sets were used. The results in Table VI have been obtained with daug-ccpVDZ on the hydrogen and carbon atoms and taug-cc-pVDZ on the sulfur atoms ͑the basis set denoted "mixed" in Table  VI͒ and by using daug-cc-pVTZ on all atoms. The differences in the excitation energies are small. For the rotatory strengths, the differences are somewhat larger, especially for low-lying valence transitions, similar to the changes in HSSH from daug-cc-pVTZ to daug-cc-pVQZ.
B. Conformational dependence of ECD of the disulphide chromophore
Having analyzed the results obtained for single conformations of HSSH and CH 3 SSCH 3 , we shall now discuss the conformational dependence of the ECD parameters calculated at the CAM-B3LYP level of theory, for three molecules: HSSH, CH 3 SSCH 3 , and cystine. 
Dihydrogen disulphide
The rotatory strengths of the 2A and 1B transitions of HSSH, calculated at the RAS-VI, CAM-B3LYP, and CAM-B3LYP m levels of theory ͑with daug-cc-pVTZ basis set͒, are plotted as functions of the dihedral angle HSSH in Fig. 1 . The 2A and 1B transitions are degenerate for HSSH = 90°, see Refs. 30 and 31. Except for the 2A dent at −60°͑ visible for all employed methods͒, the two plots are almost mirror images of each other-the 2A rotatory strength is positive for −180°Ͻ HSSH Ͻ 0°, while the 1B rotatory strength is negative, and vice versa. The dent at −60°reflects the changing nature of the 2A transition: from being a transition to the S-S * antibonding orbital, it becomes a transition to the S-H * antibonding orbital ͑normally a 3A transition͒. At this geometry, there is also a large discrepancy between the CCSD and RAS-VI rotatory strengths, occurring since the 2A and 3A transitions are interchanged at the RAS level. We note that the optical rotation of HSSH has a maximum at −60°, which is a further evidence that this geometry is particularly problematic. The three sets of results are generally close to each other, with the largest absolute differences occurring, not unexpectedly, for the dihedral angles with large rotatory strengths.
Dimethyl disulphide
The dimethyl disulphide is structurally more similar to cystine than is dihydrogen disulphide. Consequently, we expect the ECD spectrum of CH 3 SSCH 3 to resemble the cystine spectrum more closely than does the HSSH spectrum. In Fig. 2 , we have plotted the rotatory strengths of the 2A and 1B transitions, localized in the S-S chromophore, as functions of CSSC . As for HSSH, we encountered problems in assigning the obtained spectrum to transitions between individual orbitals, in particular, for dihedral angles close to 60°, where the nature of the transition changes. Broadly speaking, however, the conformational dependence of the ECD spectrum of CH 3 SSCH 3 is almost the same as that of HSSH. As for HSSH, the 2A and 1B transitions are degenerate for CSSC = 90°. However, the range of rotatory strengths is wider for CH 3 SSCH 3 and no distortion occurs close to 60°. There are no large differences between the results obtained using the modified and original form of CAM-B3LYP functional, and both sets of results are close to the CCSD ones ͑those with the original functional are somewhat closer͒.
Cystine
The CSSC dependence of the rotatory strength of the lowest electronic transitions in the disulphide bridge of cys- tine is depicted in Fig. 3 . Cystine is a very flexible molecule and our calculations therefore by no means explore its entire conformational space. Instead, the investigation is restricted to a certain type of conformations, which, for selected dihedral angles, are shown in Fig. 4 . The geometry has been separately optimized for each CSSC , with starting geometries chosen so as to avoid interactions between the sulfur atom and the hydrogens from the carboxyl and amino groups, to mimic the environment of sulfur in cystine-containing peptides ͑where no such interactions take place͒. For some dihedral angles ͑30°, 90°, 120°͒, the structures analogous to those found for other angles were unstable, leading to a different spatial arrangement of the amino and carboxyl groups. As previously noted, C 2 symmetry was assumed in all optimizations except for −30°, where symmetry was relaxed.
In spite of these problems, the shape of the cystine curve in Fig. 3 is similar to that of HSSH in Fig. 1 and that of CH 3 SSCH 3 in Fig. 2 . Moreover, the range of rotatory strengths is similar to that of CH 3 SSCH 3 . The rotatory strengths of the excitations in the disulphide bridge of cystine change strongly with CSSC , assuming ͑when calculated with the modified CAM-B3LYP͒ values between −18 ϫ 10 −40 and +18ϫ 10 −40 esu 2 cm 2 , with extrema at −60°and 150°for the 2A transition and at −120°and 90°for the 1B transition. When the original form of the CAM-B3LYP functional is used, the range is much wider, since for two dihedral angles, −150°and −30°, the rotatory strengths obtained with the original CAM-B3LYP functional are twice as big ͑in a sense of an absolute value͒ than those obtained with modified CAM-B3LYP. In view of the good performance of the CAM-B3LYP functional ͑in comparison with the RAS and CCSD results for HSSH and CH 3 SSCH 3 ͒, the cystine curve should be reliable, although the excitation energies are underestimated in comparison with experiment. What may cause some difficulties in employing the rotatory strengths in structural investigation is the significant variation of the excitation energy, which would make the relevant bands shift their position for different structures, overlapping with other bands in electronic spectrum.
IV. SUMMARY AND CONCLUSIONS
The electronic circular dichroism ͑ECD͒ of the disulphide chromophore has been calculated for dihydrogen disulphide, dimethyl disulphide, and cystine using a variety of quantum-chemical methods: density-functional theory, multiconfigurational self-consistent field theory, and coupledcluster theory. Our aim has been twofold, namely, to investigate the performance of the Coulomb-attenuated CAM-B3LYP functional for the calculation of ECD parameters and to study the dependence of the ECD intensities of the disulphide chromophore on the conformation around the disulphide bridge. Our conclusions can be summarized as follows.
The CAM-B3LYP functional performs better for excitation energies and rotatory strengths than does the B3LYP functional and the other exchange-correlation functionals investigated here ͑BLYP and PB86͒. The improvement is particularly large for excitations to diffuse states but noticeable also for valence transitions. Reoptimization of CAM-B3LYP parameters for HSSH improves the excitation energies of valence transitions but may worsen the other parameters ͑es-pecially for diffuse Rydberg states͒.
The rotatory strengths of transitions in the disulphide chromophore depend on the conformation around the disulphide bridge in the same manner for all three molecules studied, suggesting that the ECD of the disulphide chromophore should be a characteristic structural indicator, largely independent of the structure of the remaining parts of a system. Therefore, whenever the ECD band of the disulphide chromophore can be distinguished from the remaining spectrum, it may be used for structural investigation. However, several other problems must also be addressed for the ab initio calculation of ECD activity of the disulphide bridge to become predictive, in particular, the modeling of the chemical envi- 
